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Lateral drift sheets of outlet glaciers that pass through the Transantarctic Mountains constrain
past changes of the huge Ross ice drainage system of the Antarctic Ice Sheet. Drift stratigraphy
suggests correlation of Reedy III (Reedy Glacier), Beardmore (Beardmore Glacier), Britannia
(Hatherton/Darwin Glaciers), Ross Sea (McMurdo Sound), and "younger" (Terra Nova Bay)
drifts; radiocarbon dates place the outer limits of Ross Sea drift in late Wisconsin time at 24,000-
13,000 yr B.P. Outlet-glacier profiles from these drifts constrain late Wisconsin ice-sheet surface
elevations. Within these constraints, we give two extreme late Wisconsin reconstructions of the
Ross ice drainage system. Both show little elevation change of the polar plateau coincident with
extensive ice-shelf grounding along the inner Ross Embayment. However, in the central Ross
Embayment one reconstruction shows floating shelf ice, whereas the other shows a grounded ice
sheet. Massive late Wisconsin/Holocene recession of grounded ice from the western Ross Embay-
ment, which was underway at 13,040 yr B.P. and completed by 6600--6020 yr B.P., was accom-
panied by little change in plateau ice levels inland of the Transantarctic Mountains. Sea level and
basal melting probably controlled the extent of grounded ice in the Ross Embayment. The interplay
between the precipitation (low late Wisconsin and high Holocene values) and the influence of
grounding on outlet glaciers (late Wisconsin thickening and late Wisconsin/Holocene thinning, with
effects dying out inland) probably controlled minor elevation changes of the polar plateau. © 19a9

University of Washington.

INTRODUCTION

The Antarctic Ice Sheet is one of the

most prominent physical features on our

planet. A knowledge of its past behavior

can help solve the cause of late Quaternary

ice ages. For example, Antarctic ice-sheet

reconstructions form part of global snap-
shots of the last glacial maximum that are a

basis for atmospheric modeling experi-

ments. In the pinpointing of physical mech-
anisms of paleoclimate changes, the influ-

ence of the Antarctic Ice Sheet (including

potential fringing shelf ice) on ice-age cli-

mates can be determined by prescribing re-

constructed ice-sheet geometry as the sole

variable input into global climate modeling

experiments that compare ice-age and mod-

em climates. This reconstructed geometry
can also give the contribution of Antarctic

ice to sea-level and marine oxygen isotope

records. A knowledge of Antarctic ice-

volume changes constrains interpretations

of marine oxygen isotope records and,

hence, Northern Hemisphere ice-sheet his-

tory. Finally, the paleoclimate record from

this far-southern region is an important part

of the global data bank used to test ice-age
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theories, particularly with respect to the

relative timing of climate changes between
polar hemispheres.

To address these issues, we describe

here late Quaternary paleoclimate, ice-

volume change, and dynamics of the Ross

ice drainage system using data from a pow-
erful combination of drift sheets and ice

cores. The Ross ice drainage system en-

compasses about one-fourth of the surface

area of the Antarctic Ice Sheet (Fig. 1). In-

land ice divides encircling this drainage sys-

tem are 5700 km long and display numerous

domes and saddles. Ice from the high East

Antarctic plateau flows seaward in outlet

glaciers that pass through the Transantarc-
tic Mountains into the Ross Ice Shelf or

Ross Sea. Ice from the marine-based West

Antarctic ice sheet flows through major ice

streams into the Ross Ice Shelf. Three deep

ice cores with dated paleoclimatic records

come from within the Ross ice drainage
system (Jouzel et al., 1989). Drift sheets oc-

cur alongside Transantarctic Mountain out-

let glaciers deep within the Ross Embay-
ment.

We start by selecting Transantarctic

Mountains outlet glaciers that lie along ice

flowlines leading inland to major domes and
ice-core sites. From lateral drift sheets we

then reconstruct former longitudinal ice-

surface profiles of these outlet glaciers. For

age control of these profiles, we develop a

numerical chronology for several drift

sheets in the Taylor Valley/McMurdo
Sound and Hatherton/Darwin Glacier areas
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FIO. I. Index map of Antarctica. Flowlines shown only for the Ross ice drainage system, which is

defined as the portion of the Antarctic Ice Sheet that flows into the Ross Embayment. A,B.C.D, and

E are West Antarctic ice streams. RG, Reedy Glacier; BG. Beardmore Glacier; DR, Dominion Range

ice cap; HG. Hatherton Glacier; 13(3, Darwin Glacier; DV, Dry Valleys; RI, Ross Island; MS, Mc-

Murdo Sound; and TN, Terra Nova Bay. Adapted from Drewry (1983).
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(Fig. 1). This numerical chronology is then

supplemented by a relative chronology that

employs surface boulder weathering and

soil development to correlate drift sheets

and, hence, ice profiles among the selected

outlet glaciers. The late Wisconsin longitu-

dinal profiles of these selected Transantarc-

tic outlet glaciers constrain elevation

changes of the inland ice plateau through

the last glacial cycle. Hence, they bear di-

rectly on Antarctic ice-volume changes as

well as on the interpretation of paleotem-

peratures from interior ice cores.

The outlet glacier profiles also bear on

the configuration of grounded and floating

ice in the marine portion of the Ross ice

drainage system. This problem has been of
interest for nearly 150 yr. In 1841 and 1842,

Ross (1847) mapped the edge of the Ross

Ice Shelf, or the "Great Icy Barrier.'" Scott

(1905, Vol. 2, pp. 422--425) postulated that

"when the Southern glaciation was at a

maximum.., the Great Barrier was a very

different formation from what it is today

• . . the huge glacier, no longer able to float

on a sea of 400 fathoms, spread out over the

Ross Sea, completely filling it with an im-

mense sheet of ice." Scott (1905, Vol. 2, p.
425) further postulated that, during reces-

sion, the ice sheet became buoyant and

broke away gradually so that the "...

Barrier is the remains of the great ice-

sheet." David and Priestley (1914, Fig. 46,

PI. XCV) also postulated northward expan-

sion so that at the time of maximum glaci-

ation the surface of the grounded Ross Ice

Barrier (Ross Ice Shelf) reached heights of

I000 ft (305 m) in McMurdo Sound and

filled the Ross Sea with a grounded "great
ice sheet" for at least 320 km north of the

current Barrier (Shelf) edge. In sharp con-

trast, Debenham (1921, Fig. 11) interpreted

glacial deposits in the McMurdo Sound

area in terms of local glaciation. In recent

years this difference of opinion concerning
extensive (Denton and Armstrong, 1968;

Denton et al., 1970, 1971, 1975; Denton and

Borns, 1974; Mercer, 1968, 1972; Kellogg et

al., 1979) as opposed to restricted (Prw6,

1960; Fillon, 1975) grounded ice in the Ross

Sea has resulted in differing reconstruc-
tions of late Wisconsin ice extent in the

Ross Embayment. The CLIMAP maximum

reconstruction is based largely on geologi-

cal data and shows widespread grounded

ice in the Ross Embayment (Stuiver et al.,

1981, pp. 376--380). The CLIMAP minimum
reconstruction (Stuiver et al., 1981, p. 375)

shows no change in the Ross Embayment

and is based on glaciological data that imply

little change in the West Antarctic Ice

Sheet during the last glacial cycle (Whill-

ans, 1976). In an attempt to reconcile the

geologic and glaciologic data, Drewry

(1979) reconstructed a restricted complex

of local domes and a large floating ice shelf

that extends deep into the Ross Embay-
ment to the Transantarctic Mountains at

the mouth of major East Antarctic outlet

glaciers. Our new ice-surface profiles from
the Transantarctic Mountains show defi-

ciencies in all these existing reconstruc-

tions. As a result we give here new recon-
structions of the minimum and maximum

extent of grounded ice in the Ross Embay-

ment permitted by our glacial geologic data

in the adjacent Transantarctic Mountains.

LATE WISCONSIN SUBSTAGE

Ice-Surface Profiles

Figures 2, 3, and 4 show former longitu-

dinal profiles of late Quaternary age for se-
lected outlet glaciers of the East Antarctic

Ice Sheet that flow through the Transant-
arctic Mountains to the Ross Ice Shelf.

These selected outlet glaciers are among
the few in the Transantarctic Mountains

that have late Quaternary lateral drift

sheets. Reedy Glacier lies along a flowline
that leads from the Ross Ice Shelf inland

through Ice Stream A to the interior Her-

cules Dome (Fig. 1). Beardmore Glacier is

on a flowline that projects inland to the Ti-
tan Dome. The Hatherton Glacier is tribu-

tary to the Darwin Glacier, which drains ice
from Dome Circe.

Former longitudinal profiles were de-
rived from the outer limits of drift sheets

correlated among ice-free areas adjacent to
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FIG. 3. Present and former longitudinal profiles of Beardmore Glacier. Position of profiles shown as
B-B ..... in Figure 12a. See Denton et al. (1989) for details.

these outlet glaciers. Details for the Beard-
more and Hatherton/Darwin Glacier areas

are reported by Denton et al. (1989) and
Bockheim et al. (1989). Drift sheets in these

two areas were differentiated by surface

morphology, surface boulder weathering,

and soil development (staining and cohe-

sion depths, solum thickness, morphoge-

netic salt stage, and weathering stage). We

reconstructed former profiles of Reedy Gla-

cier from data in Mercer (1968). We are

confident that these former profiles of

Reedy Glacier are directly comparable to

our profiles of Beardmore and Hatherton

Glaciers, because our mapping of drift units

at Beardmore Glacier (Denton et al., 1989)

afforded results very similar to those ob-

tained in the same field area earlier by Mer-

cer (1972).

Critical to our discussion are the Reedy

II and III profiles of Reedy Glacier (Fig. 2)

(Mercer, 1968); the Beardmore and Meyer

profiles of Beardmore Glacier (Fig. 3) (Den-
ton et al., 1989); and the Britannia I, Brit-

annia II, and Danum profiles of Hatherton

Glacier (Fig. 4) (Bockheim et al., 1989). All

of these profiles show only slight thickening

at glacier heads near the polar plateau of the

East Antarctic Ice Sheet, contemporaneous

with substantial thickening at glacier
mouths near the Ross Ice Shelf. Our lead-

ing interpretation of these ice profiles (Den-

ton et al., 1989; Bockheim et al., 1989) is

that they reflect ice-shelf grounding in the

southwestern and southern Ross Embay-

ment. An alternative explanation of in-

creased ice flow from higher precipitation

on the polar plateau is less plausible. The

maximum potential elevation increase

along flowlines on the polar plateau (Fig. 1)

would be 30 m inland of Reedy Glacier dur-

ing the Reedy III episode, 35-40 m inland of

Beardmore Glacier during the Beardmore

episode, and 100 m inland of Hatherton and

Darwin Glaciers during the Britannia II ep-

isode. From drift geometry, we argued that

the Dominion Range ice cap near the polar

plateau was retracted when Beardmore

Glacier stood at its expanded Beardmore

profile (Denton et al., 1989). A strong infer-

ence is that precipitation was lower at that

time on the Dominion Range ice cap and the

adjacent polar plateau. If this inference is

correct, the actual elevation change along

the polar plateau flowline inland of Beard-

more Glacier would depend on the inter-
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play between the grounding effect and the

lowered precipitation. Decreased precipita-

tion could result from lower air tempera-

tures and/or more-distant open water.

The McMurdo Sound/Dry Valleys area is

unique in the Transantarctic Mountains for

its extensive ice-free terrain. Only here do

East Antarctic outlet glaciers fail to reach

the Ross Embayment either today or during

late Quaternary glaciations. Rather, East

Antarctic ice is blocked by the Royal Soci-

ety Range or, in the case of Taylor Glacier,

terminates in an ice-free valley. In the ab-

sence of East Antarctic outlet glaciers, late

Quaternary ice sheets grounded in the Ross

Sea infilled McMurdo Sound and spilled

onto peripheral ice-free areas in the Trans-

antarctic Mountains (Fig. 5). Westward-

flowing ice lobes from these grounded ice

sheets plugged the eastern ends of valleys

that open onto the west coast of McMurdo

Sound, including Taylor, Marshall, and

Miers Valleys. Taylor Valley is particularly

important, because it alone among these

ice-free valleys contains an East Antarctic

outlet glacier. Taylor Glacier, which termi-

nates in the western end of the valley, orig-

inates in the peripheral McMurdo Dome on

the East Antarctic plateau (Fig. 8). In turn,

the small McMurdo Dome, which is con-

trolled by subglacial bedrock, lies at the
eastern end of an ice divide and flowline

that extend inland to Dome Circe. Hence,

the Taylor Valley geological record reveals

the relative phasing of the McMurdo Dome

and grounded ice sheets in the Ross Sea.
We now discuss three important drift

sheets in the McMurdo Sound/Taylor Val-

ley area. Two were deposited by ice sheets

grounded in McMurdo Sound and one was

deposited by an expanded Taylor Glacier.

Ross Sea drift, the most prominent, repre-

sents the youngest infilling of McMurdo

Sound by grounded ice and is described in

detail by Stuiver et el. (1981, pp. 322-355).

Figure 5 shows a reconstruction of the

grounded Ross Sea ice sheet in McMurdo

Sound. The ice-sheet limit in Figure 5
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FIG. 5. Surface contours and flowlines of the grounded ice sheet that deposited Ross Sea drift in

McMurdo Sound during late Wisconsin (stage 2) time. Adapted from Stuiver et aL (1981, Figs. 7-16).
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FIo. 6. Oblique aerial view of Ross Sea drift at the mouth of Taylor Valley. The lower part of the

photograph shows sea ice on Explorers Cove.

comes from the geologic map depicted in

Figure 7-3 of Stuiver et al. (1981). The sur-
face contours are based on measured ele-

vations of the drift limit, typical examples

of which are shown in Figures 6 and 7. The

former ice flowlines are perpendicular to
the ice-surface contours and are consistent

with the trend of debris bands and the dis-

tribution of distinctive erratics. Marshall

drift, the second of these three drifts, is best

exposed in Marshall Valley (Fig. 5) (Judd,

1986; Dagel et al., 1989). The outer limit of

Marshall drift is distal to and parallel with

the Ross Sea drift limit along the coastal

foothills and valleys of the Royal Society

Range on the west coast of McMurdo

Sound. From this configuration, as well as

from the distribution of distinctive erratics,

Dagel et al. (1989) inferred that Marshall

drift represents the penultimate infUling of

McMurdo Sound by a grounded ice sheet.

The third important drift sheet in our dis-
cussion is Bonney drift, which occurs on

the floor of Taylor Valley and in ice-free

areas alongside Taylor Glacier. Bonney

drift represents the penultimate advance of

Taylor Glacier. It has correlatives along-

side most alpine glaciers in Taylor Valley

and elsewhere in the McMurdo Sound/Dry

Valleys area. Figure 8 shows longitudinal
profiles of the former Bonney and Ross Sea

ice lobes in Taylor Valley based on the

outer limits of the respective drift sheets.

From the reconstruction in Figure 5, we
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FfG. 7. Oblique aer/a/view or'the upper limit of Ross Sea drift on the west coast of McMurdo Sound

near the mouth of Miers Valley.

infer that the Ross Sea and Marshall drifts

represent regional ice-sheet grounding,
with ice flow from the eastern Ross Sea in-

filling McMurdo Sound in the absence of

through-flowing East Antarctic outlet gla-
ciers. In contrast, we attribute the Bonney

advance to local climatic change rather

than to ice-sheet grounding in the Ross Sea
and McMurdo Sound. We do so for several

reasons. First, the Bonney profile indicates

that Bonney ice was not contiguous or con-

temporaneous with a grounded Ross Sea

ice sheet in McMurdo Sound (Fig. 8).

Hence, Bonney ice does not exhibit the

enormous thickening near the Ross Sea

shown by the outlet glaciers that drained

directly into grounded ice in the Ross Em-

bayment. Second, the Bonney advance was

part of a regional expansion that simulta-

neously involved numerous local alpine gla-

ciers as well as Taylor Glacier. This is dis-

tinctly different from the situation that oc-

curred during the last grounding episode

when local glaciers receded in the Mc-

Murdo Sound/Taylor Valley area (Stuiver

et al., 1981). Not only did Bonney drift an-
tedate Ross Sea drift in central Taylor Val-

ley, as shown by overlapping drifts (and

hence longitudinal ice profiles) in central

Taylor Valley (Fig. 8), but it directly abuts

Ross Sea drift without the intervention of

another drift sheet. This geometry almost

certainly means that Bonney drift is inter-

mediate in age between Ross Sea and Mar-

shall drifts, which are contiguous on head-

lands along the west coast of McMurdo

Sound. Such an age relationship implies

that the Bonney advance was out-of-phase

with the last two grounding episodes in Mc-

Murdo Sound and the adjacent Ross Sea.

Numerical chronologies discussed below

confirm these relative ages.

Figure 7-22 in Stuiver et al. (1981) shows

two late Quaternary drift sheets at Terra

Nova Bay in the northwestern Ross Em-
bayment. Both drifts reflect thickening of at

least the lower portions of local outlet gla-

ciers, accompanied by ice-sheet grounding

in Terra Nova Bay. Along the outer coast of

Term Nova Bay the upper surface of this

grounded ice sheet reached 360 m during

the younger grounding episode and 670-680

m during the older episode.

Chronology

Numerical chronology. To reconstruct

the past behavior of the Ross ice drainage

system, we correlate former ice profiles

along the length of the Transantarctic

Mountains by using our drift stratigraphy.
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First, we developa numericalchronology
of RossSea,Marshall,andBonneydrifts in
the McMurdo Sound/TaylorValley area
andgive minimumagesfor Britanniadrifts
in the Hatherton/DarwinGlacierarea.We
then apply this numericalchronologyto a
relative chronology basedon drift se-
quence,surfacemorphology,and soil de-
velopment.This relativechronologyis the
basis for correlation of drift sheets(and
henceformer longitudinalprof'des)among
outlet glaciersalongthelengthof theTrans-
antarcticMountains.Theseformerice sur-
face profiles allow reconstructionof the
Ross ice drainage system at the height of

late Wisconsin (Stage 2) glaciation.

An important part of our _4C chronology

comes from a unique lacustrine facies of
Ross Sea drift. On the west coast of Mc-

Murdo Sound, the Ross Sea drift limit is

sharp and commonly marked by a moraine

ridge on headlands between ice-free val-

leys. In contrast, Ross Sea drift in valley

floors has an irregular outer limit marked in

places by near-horizontal terraces. This sit-
uation occurs because Ross Sea ice lobes in

these valleys terminated in proglacial lakes.

At the height of Ross Sea glaciation, inter-

locked glacial-and-lake-ice systems formed

conveyer belts that transported drift from

glacial lobes westward into the ice-free val-

leys on rafts of lake ice (Clayton-Greene,

1986; Clayton-Greene et al., 1988a). During

transit, fine-grained sediment passed

through lake ice to form stratified lacustrine

deposits on lake floors. Coarse sediment

and clasts either dropped through fissures

in lake ice or were deposited in moats at

lake edges. The result was near-horizontal

lake-edge terraces and a surficial mantle of

valley-wall and lake-floor sand and gravel,

some in the form of mounds and ridges. By

this mechanism, most Ross Sea drift on val-

ley floors is glacial lacustrine sediment de-

posited while ice tongues plugged valley

mouths and supplied drift to contiguous
lake ice. _4C samples are plentiful in such

glacial lacustrine drift in the form of blue-

green algae and of carbonate beds.
A suite of 14C dates comes from glacial

lacustrine drift in Miers Valley, where a

landward flowing Ross Sea ice lobe

dammed Glacial Lake Trowbridge (Clay-

ton-Greene, 1986). The _4C dates pinpoint

the age of the Ross Sea ice dam in several

ways. First, Glacial Lake Trowbridge could

not have existed in Miers Valley without an

ice dam consisting of a Ross Sea glacier

lobe in the mouth of Miers Valley. Further,
most of the _4C-dated carbonate beds are

covered by erratics and gravel hummocks

rich in McMurdo volcanics transported in-
land from the Ross Sea glacier lobe by the

lake-ice raft (Clayton-Green, 1986). Hence,

these deposits record the existence of a

Ross Sea glacier lobe in the valley mouth.
Fourteen dates of carbonate and one of

blue-green algae all fall between 10,300 _+_

900 yr B.P. (WK-718) and 22,950 +- 360 yr

B.P. (WK-609), hence encompassing most

of late Wisconsin time (Clayton-Greene et

al., 1988b).

Glacial Lake Washburn occupied the

Bonney and Fryxell basins of Taylor Valley

during the entire span of late Wisconsin

time (Fig. 8) (Stuiver et al., 1981). Two
suites of J4C dates of Glacial Lake Wash-

burn lacustrine sediments show when a

Ross Sea glacier lobe occupied eastern

Taylor Valley. The first suite comes from

blue-green algae in deltas of Glacial Lake

Washburn. In the FryxeU basin, former lev-

Fi_. 8. Longitudinal profdesof present and former glaciers in Taylor Valley. Position of prof'de is
shown as T-T ...... in Figure 12a. "Taylor I," "Taylor II," and "Taylor III" are temporary names for
drift sheets alongside upperTaylor Glacier. "Taylor II" drift corresponds with Bonney drift in Taylor
Valley. Inset map of McMurdo Dome is from Drewry (1980, 1982).The locations of the z4Cdates are
schematic because they are projected onto the longitudinal profile from their position on the valley
floor and walls. 14Cdates listed above the diagram designate deltas in Glacial lake Washburn; those
below the diagram designate Ross Sea glacial lacustrine drift.
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els of Glacial Lake Washburn higher than
the valley-mouth threshold, and in the Bon-

ney basin higher than the mid-valley thresh-
old, require a Ross Sea ice dam in eastern

Taylor Valley. Details appear in Stuiver et

al. (1981, pp. 34.5--355). Table 1 and Figures

8 and 9 display 32 14C dates of perched del-

tas in Taylor Valley that demonstrate such
high lake levels. These 14C dates all fall be-

tween 11,820 -- 70 yr B.P. (QL-1576) and
23,800 +- 200 yr B.P. (QL-1708). The sec-
ond suite of 14C dates comes from blue-

green algae in glacial lacustrine drift on the

eastern valley floor in the Fryxell and Ex-

plorers Cove basins. This drift was depos-

ited by the conveyor-belt mechanism in
which detritus from the Ross Sea ice lobe

was transported into the Fryxell basin on
the ice raft of Glacial Lake Washburn. Al-

gae samples from such drift yielded 22 14C

dates between 11,370 _+ 120 yr B.P. (QL-

1914) and 16,100 _ 250 yr B.P. (QL-1803)

(Table l and Figs. 8 and 9). Together, the
two suites of 14C dates are consistent in in-

dicating that a Ross Sea ice lobe plugged

the mouth of Taylor Valley for at least most

of Late Wisconsin (Stage 2) time between

23,800 and 12,450 yr B.P. In addition, the

limited number of available 14C dates of gla-

cial lacustrine sediments suggests that the

Ross Sea ice lobe projected far into the val-

ley until about 16,000 yr B.P., that the

Fryxell basin was largely ice free between

16,000 and 13,300 yr B.P. while the Ross

Sea ice lobe terminated on the valley-

mouth threshold, and that ice recession

from the valley-mouth threshold (and hence
decline of the ice-sheet surface in Mc-

Murdo Sound) was underway by 13,040
yr B.P.

Marshall drift is distal and parallel to

Ross Sea drift along the western coast of

McMurdo Sound. Its numerical age has

been determined in Marshall Valley by 36
U/Th dates of carbonate lacustrine beds

within volcanic-rich Marshall drift (Fig. 5)

(Dagel et al., 1988; Judd, 1986). All but four

of these dates fall between 130,000 and

190,000 yr B.P. Hence, Marshall drift most

likely corresponds with Stage 6 in the ma-

rine oxygen-isotope record.
There are two sources of numerical dat-

ing control on Bonney drift in Taylor Val-

ley. The first is _4C dates of perched deltas

of Glacial Lake Washburn in the Bonney

basin (Fig. 8, Table I). These perched del-

tas are all younger than Bonney drift and
therefore their late Wisconsin t4C dates are

minimum for this drift. It follows that Bon-

ney drift predates late Wisconsin time and
therefore is older than Ross Sea drift in the

valley mouth. This confirms the relative

ages of these two drifts that was inferred

from their crosscutting relationships in cen-

tral Taylor Valley (Fig. 8). From the areal
distribution of t4C-dated deltas in the Bon-

ney basin (Fig. 8) it is clear that Glacial

Lake Washburn, not Taylor Glacier, occu-

pied much of the Bonney basin throughout
late Wisconsin time. The areal distribution

and _4C ages of deltas adjacent to its current

snout suggest that Taylor Glacier now oc-

cupies its maximum position since late Wis-

consin time (with the exception of a slight

fluctuation that in a few places has left a
Holocene ice-cored moraine several meters

from the current ice margin). This suggests

strongly that the McMurdo Dome on the

East Antarctic polar plateau surface inland

from Taylor Valley (Fig. 8) was slightly
lower than now during late Wisconsin time.

Direct numerical dates of Bonney drift

come from carbonates deposited in small

lakes dammed in middle Taylor Valley by

an expanded Taylor Glacier during its Bon-

ney advance. An extensive program is un-

der way to date these carbonates by the

U/Th method. Previously published dates

(Hendy et al., 1979) that we now interpret

as relating to the Bonney drift are 75,000 ±

2600, 80,000 --- 2800, 92,000 _ 2000, 74,000

+--1600, 95,000 ± 4500, and 98,000 ± 1700

yr B.P. Hence, Bonney drift most likely
corresponds with Stage 5 in the marine ox-

ygen-isotope record.

Farther south in the Transantarctic

Mountains at Hatherton Glacier, _4C dates

discussed in detail by Bockheim et al.
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TABLE I. SELECTED t4C DATES FROM THE TAYLOR VALLEY/McMuRDO SOUND AREA AND THE WESTERN

ROSS EMBAYMENT

Laboratory t4C date

number (yr B.P.) Location Description Reference

14C dates of Ross Sea drift in eastern Taylor Valley

QL-1914 11,370 ± 120 Figure 8 Blue-green algae in Ross Sea This paper

QL-1794 12,130 ± 300 DO. DO.

QL-1569 13,040 + 190 DO. DO.

QL-1249 13,300 4- 300 DO. Stuiver et al.

(1981)

QL-1801 13,360 4- 220 (AIMS) DO. Denton et al.
(1985)

QL-1800 13,620 ± 210 DO. DO.

QL-1234 13,700 4- 400 DO. Stuiver et al.

0981)

QL-1397 13,960 4- 550 DO. Denton eta/.
( i985)

QL-1793 13,970 + 300 DO. This paper

QL-1805 13,980 __ 280 DO. Denton et al.

(1985)
QL-1797 14,260 +- 350 DO. DO.

QL-1795 14,470 ± 330 DO. This paper

QL-II56 14,730 4- 150 DO. Stuiver et al.

(1981)

QL-1796 15,430 4- 560 DO. Denton et al.
(1985)

QL-II40 15,660 ± 60 DO. Stuiver et al.

(1981)

QL-1810 15,820 4- 110 DO. This paper
QL-1938 15,870 ± 250 DO. DO.

QL-1802 15,910 ± 260 (AMS) DO. Denton et al.

0985)

QL-1916 16,000 4- 500 DO. This paper
QL-1804 16,040 4- 190 (AMS) DO. Denton et al.

(1985)

QL-1398 16,040 ± 500 DO. DO.

QL-1803 16,100 4- 250 (AMS) DO. DO.

QL- I043 12,450 4-
t4C dates of perched deltas of Glacial

350 Figure 8

QL-1570 12,980 ± 90 DO.

QL-1706 13,260 4- 80 DO.

QL-1254 13,500 4- 320 DO.

QL-1252 13,700 +_ 180 DO.
QL-1920 13,700 4- 600 DO.

QL-1919 14,800 ± 330 DO.

QL-1035 15,100 -,- 800 DO.

QL-1034 16,500 -,- 700 DO.

QL-992 16,920 4- 230 DO.

QL-1253 17,050 4- 60 DO.
QL-1918 18,100 4- 230 DO.

QL-1385 14,300 4- 300 DO.

QL-1913 12,420 4- 130 DO.

QL-1576 11,820 4- 70 -- DO.

glacial laustrine drift
DO.

DO.
DO.

DO.

DO.

DO.

DO.

DO.

DO.

DO.

DO.

DO.

DO.

DO.

DO.

DO.
DO.

DO.

DO.

DO.

DO.

Lake Washburn in Taylor Valley

Blue-green algae in Glacial Lake
Washburn delta situated in

Fryxell basin above the

elevation of the valley-mouth
threshold

DO.

DO.

DO.

DO.

DO.

DO.
DO.

DO.
DO.

DO.

DO.

Blue-green algae in Glacial Lake
Washburn delta situated in the

FryxeU basin adjacent to the
terminus of Canada Glacier

Blue-green algae in Glacial Lake
Washburn delta on the

valley-mouth threshold

Blue-green algae in Glacial Lake

Washburn delta in the Bonney
basin situated above the
elevation of both the mid- and

valley-mouth thresholds

Stuiver et al.

(1981)

Denton et al.

(1985)
DO.

Stuiver et al.

(1981)
DO.

This paper
DO.

Stuiver et al.

(1981)
DO.
DO.

DO.

This paper
DO.

DO.

Denton et al.

(1985)
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TABLE l--Continued

Laboratory J'C date

number (yr B.P.) Location Description Reference

QL-1709 12,700 --- 190 DO. DO. DO.

QL-1921 14,600 ± 300 DO. DO. This paper
QL-1573 14,750 ± 50 DO. DO. Denton et al.

0988)

QL-1922 14,800 ± 400 DO. DO. This paper
QL-1924 16,160 _+ 80 DO. DO. DO.
QL-1711 16,160 ± 190 DO. DO. DO.

QL-1577 16,610 ± 70 DO. DO. Denton et al.

(1985)
QL-1046 16,470 ± 250 DO. DO. Stuiver et al.

(1981)

QL-1923 16,900 4- 230 DO. DO. This paper
QL-1943 17,230 ± 70 DO. DO. DO.
QL-1257 17,790 ± 70 DO. DO. Stuiver et al.

(1981)
QL-II37 18,170 4- 70 DO. DO. DO.

QL-1942 18,580 ± 100 DO. DO. This paper
QL-1248 18,830 • 80 DO. DO. Stuiver et al.

(1981)
QL-1246 21,240 _+ 200 DO. DO. DO.
QL-1706 23,800 ± 200 DO. DO. Denton et al.

(1985)
QL-1255 13,980 +_60 DO. Blue-green algae in Glacial Lake Stuiver el al.

Washburn delta situated in the (1981)
Bonney basin below the

elevation of the mid-valley
threshold

QL*!572 14,410 ± 80 DO. DO. This paper
QL-1574 14,420 ± 240 DO. DO. 13<).

QL-1925 14,550 ± 100 DO. DO. DO.
QL-1571 14,780 4- 80 DO. DO. DO.

QL-1575 15,720 4- 160 DO. DO. DO.
QL-1712 17,040 ± 100 DO. DO. DO.

QL-1247 17,530 ± 70 DO. DO. Stuiver et al.

(1981)
QL-1258 17,640 ± 90 DO. DO. DO.
QL-1256 19,300 4- 800 DO. DO. DO.

t4C Dates from the Western Ross Embayment

QL-141 5340 ± 50 Franklin Island. DO.

See Figure 13

QL-71 6010 _+ 70 Marble Point.

See Figures 5
and 13.

QL-72 6430 ± 70 DO.

QL-96 6350 --- 60 DO.
L-627 5650 4- 150 DO.

QL-137 6050 ± 70 Explorers Cove,

Taylor Valley.
See Figures 5
and 13.

QL-157 6150 4- 80 DO.

QL-191 6670 ± 200 DO.

QL-993 8340 ± 120

QL-1393 8900 _-,260

QL-995 9860 ± 160

QL-174 7020 ± 60 Terra Nova Bay. Adamussium colbeclu" valves Stuiver et al.

See Figure 13 from recent moraine at edge of (1981)
Nansen Ice Sheet

Lowermost penguin remains in

sea cliff exposure in platform
on west side of Franklin Island

Algae in emerged marine delta.

DO.

DO.

DO.

Adamussium colbeclu" valves DO.

from emerged marine delta.
DO. DO.

Elephant seal in emerged beach Nichols (1968)
deposits.

Adamussium colbecki valves Stuiver et al.

from emerged marine deposits. (I 981 )

DO.

Adamussium colbecki valves

from within marine delta.

Blue-sreen algae from lacustrine
delta.

DO.

Lower Ferrar DO.

Valley. See
Figures 5 and
13.

DO.

DO.

DO.

Denton et al.

0985)
Stuiver et al.

(1981)
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TABLE l---Continued

Laboratory 14C date
number (yr B.P.) Location Description Reference

QL-1036 10,020 - 40 DO. DO. DO.

Y-2399 9490 ± 140 West coast of Blue-green algal mat in kettle DO.
McMurdo lake on ice-cored Ross Sea

Sound. See drift.

Figure 5.

QL-1590 12,500 ± 40 Marshall Valley. Blue-green algae from surficial Dasel et al. (1989)
See Figure 5. lacustrine sediments on Ross

Sea drift.

QL-1584 13,300 ± 150 DO. Blue-green alsae in Ross Sea DO.
glacial lacustrine driP.

QL-80 6190 ± 80 Blue-green algal mat in kettle on Stuiver et al.
ice-cored Ross Sea drift. (1981)

West coast of
McMurdo

Sound. See

Figures 5 and
13.

QL-1126 6510 ± 50 McMurdo Ice Marine shells from surface of Stuiver et al.
Shelf. See McMurdo Ice Shelf. (1981)

Figures 5 and
13.

QL-166 6600 -+ 60 DO. DO. DO.

Note. All dates are conventional dates (Stuiver and Polach, 1977) normalized on 813C = - 25_. Corrections for seawater t4C

deficiency have not been made for dates of marine shells and penguin remains. AMS denotes accelerator mass spectrometry.

(1989) are consistent with the proposition
that recession from the Britannia drifts was

largely a late Wisconsin]Holocene phenom-
enon and that recession from Hatherton

drift is Holocene in age. From geological
considerations, we argued that the Britan-

nia I and II drifts reflect the same major

glaciation, with Britannia I drift represent-

ing a late readvance superimposed on ice
recession from Britannia II drift (Bockheim

et al., 1989). If this argument is correct, the

implication from the _4C dates is that the

Britannia II drift limit represents the late
Wisconsin stand of Hatherton Glacier.

Relative chronology. To develop a rela-

tive chronology of drift sheets alongside

Transantarctic outlet glaciers, we used a

combination of geologic features (surface

morphology, moraine pattern, and cross-

cutting relationships), surface boulder

weathering, and soil development (depth of

staining, cohesion, visible salts, ghosts,

maximum color development, morphoge-

netic salt stage, and weathering stage).

First, we differentiated drift sheets in ice-

free areas alongside Beardmore (Denton et

al., 1989), Hatherton (Bockheim et al.,

1989), and upper Taylor Glaciers (Fig. I0)

(Bockheim, 1982). Second, we used soil de-

velopment to determine relative ages of

drifts among these outlet glaciers. We feel

justified in this approach because drifts

alongside these outlet glaciers are all com-

posed of the same parent material (dolerite
and sandstone gravel), occur near the polar

plateau in an ultraxerous to xerous cold
desert climate, and have similar topogra-

phy (moraine crest) and elevation (1500-

1800 m).
Table 2 and Figure 11 compare five soil

morphologic features on drifts alongside

upper Taylor, Hatherton, and Beardmore

Glaciers. Depth of staining appears to be
the most useful relative-age discriminator,

followed by depth of coherence and depth
of visible salts (Fig. I1). Although surface

boulder weathering features are useful in

distinguishing among drift sheets in a par-

ticular area, these features are not helpful

in correlating drifts among areas. On the

basis of analysis of variance there are few

significant differences in soil properties on

the Britannia I, Britannia II, and Beard-
more drifts. There also are few differences

in these properties on the Danum and

Meyer drifts. "'Taylor II"/Bonney drift has
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FIG. 10. Drift sheets and moraines in Arena Valley beside upper Taylor Glacier. See Figure $ for

location. Map base from vertical aerial photograph. Drift names in quotes are temporary.

soil properties intermediate between the
drifts of these two groups. Soil develop-

ment is greatest on "Taylor III" drift.
These correlations are consistent with

the geologic interpretations of the respec-
tive drift sheets. The Beardmore/Britannia

and Meyer/Danum drift sets both produce

longitudinal profiles of Transantarctic out-

let glaciers that reflect grounded ice deep in

the Ross Embayment. In contrast, the Bon-

ney drift occurred between grounding epi-

sodes in McMurdo Sound and the adjacent

Ross Embayment, and the "Taylor HI" drift

occurred prior to the grounding episode re-

flected by Meyer/Danum drift (Table 3).

Linkage of numerical and relative chro-

nologies. Essential to our analysis of the

Ross ice drainage system is the linkage of

numerically dated drift sheets to the rela-

tive drift chronology derived from Figure

11. Bonney drift is prominent is both chro-

nologies. Unfortunately, Ross Sea and
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TABLE 2. MORPHOLOGICAL SOIL PROPERTIES ON DRWTS IN THE BEARDMORE, HATHERTON, AND

McMURDO SOUND/TAYLOR VALLEY AREAS OF THE TRANSANTARCTIC MOUNTAINS*

Depth (cm)
Isotopic No. of

Drift stage profiles Staining Coherence Matrix salts Ghosts C.D.E. °

Britannia I 2 9 2d 6b 0c < Ie 6d

Britannia lI 2 10 5cd 5b 0c 7bed 10c

Beardmore 2 41 6c 6b 0c le 7d

Bonney 5 11 8b 9b 0c 3cd¢ 19a
Danum 6 l0 10b 26a 8b 12b 13b

Meyer 6 30 !0b 22ab 9ab 7c 10c

"'Taylor 1II" 7 8 22a 29a 12a 21a 17a

° Color development equivalents (from Buntley and Westin, 1965).

* Values within a column followed by the same letter are not different at P _< 0.05 based on Fisher's PLSD.

Marshall drifts cannot be tied into the rela-

tive chronology by using soil development
because of distinct differences in drift com-

position among the pertinent drift sheets.

Therefore, we use other arguments that in-

volve geometric relations of drift sheets.

In Taylor Valley, Bonney drift is cross-

cut by Ross Sea drift (Fig. 8). This relative-

age relationship is consistent with numeri-

cal ages for Bonney (Stage 5) and Ross Sea

(Stage 2) drifts. Further, the lack of an in-

termediate-age drift implies that Bonney

drift is younger than Marshall drift. Such a

relative-age relation is supported by numer-

ical ages for Ross Sea (Stage 2), Bonney

(Stage 5), and Marshall (Stage 6) drifts. Soil

development shows Britannia I and II drifts

to be younger than Bonney drift (Fig. 11).

This makes Ross Sea drift the most likely
correlative of the Britannia drifts in the Mc-

Murdo Sound/Taylor Valley area. Such a
correlation is consistent with the fact that

Britannia and Ross Sea drifts are both

taken to represent major grounding in this

portion of the Ross Embayment. Further,

from geologic considerations we argue that
the Britannia drifts represent one major gla-

cial event. Finally, available 14C dates sug-

gest that Britannia drift limits are late Wis-

consin in age. For these reasons, we corre-

late Britannia II drift with the older portion
of Ross Sea drift and Britannia I with the

younger portion of Ross Sea drift. This

means that Britannia I drift represents a

readvance superimposed on general reces-
sion from the Britannia II drift limit. Such a

correlation is discussed in detail elsewhere

in this issue (Bockheim et al., 1989).

The major weakness of correlating Brit-
annia II and outer Ross Sea drift is that we

30

25

_" 20

r-
_.15

0

10

[] Staining

[] Coherence

I_1 Vis_le Salts

0
Beardmore Bdtannia I Britannia II *Taylor I1" Meyer Danum +Taylo¢ Iff'

FIG. I I. Comparisons of soil morphologic properties among drift sheets alongside Taylor ("Taylor

II'/"Taylor Ill"), Hatherton (Britannia I, Britannia II, and Danum), and Beardmor¢ (Beardmor¢,

Meyer) Glaciers (Fig. l).
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TABLE 3. SUGGESTED CORRELATIONS OF LATE QUATERNARY DRIFT SHEETS IN THE BEAKDMOKE GLACIER,

HATHERTON GLACIER_ AND McMuRDO SOUND/_AYLOR VALLEY AREAS OF THE

TRANSANTARCTIC MOUNTAINS

Beardmore Glacier
(Denton et aL, 1989)

Hatherton Glacier
(Bockheim et al., 1989)

McMurdo Sound/Taylor Valley

McMurdo Sound TaylorGlacier

Plunket drift Hatherton drift
Britannia I drift

Beardmore drift Britannia II drift

Meyer drift Danum drift

Ross Sea drift

Marshalldrift

"Taylor I" drift

"Taylor ll"/Bonney drift

"Taylor II1" drift

have no control on soil development on

sandstone--dolerite gravel drift numerically

dated between isotope Stage 2 and Stage 6

in age. This weakness leaves open several
alternative correlations. The first is that

Britannia I drift correlates with outermost

Ross Sea drift. This means that the Britan-

nia II drift limit must represent a major

grounding event that is younger than the

Bonney advance and yet older and more

extensive than Ross Sea grounding. A pos-

sible age for such a grounding event is that

of isotope Stage 4. We think that this first

alternative is implausible because it calls

for a major grounding event near Hatherton

Glacier that is not recognized in the Mc-

Murdo Sound/Taylor Valley area. Further,

it is not in agreement with geologic consid-
erations that Britannia I and II drifts cannot

be separated in several areas alongside
Hatherton Glacier (Bockheim et al., 1989).
The second alternative is that both Britan-

nia drifts are older than Ross Sea drift and

yet younger than Bonney drift. We think

that this second alternative is unlikely be-

cause it calls for two major grounding epi-

sodes near Hatherton Glacier that go unrec-

ognized in the McMurdo Sound record. In

addition, it means that the extensive late

Wisconsin grounding episode recorded in

McMurdo Sound by the Ross Sea drift goes
unrecorded near Hatherton Glacier.

We now expand our stratigraphy of late

Quaternary drifts along the length of the
Transantarctic Mountains. Table 3 illus-

trates our discussion. We start by compar-

ing in Figure 9 our numerical drift chronol-

ogy with the marine oxygen-isotope record
taken as the standard of late Quaternary cli-

mate and ice-volume change on a global

scale. In Figure 9 it is evident that the outer

portion of Ross Sea drift is of late Wiscon-

sin age and correlates with marine isotope

Stage 2, the last global ice-sheet maximum.

By our relative chronology, the outer limits.
of Beardmore and Britannia drifts are

thought to correlate with outer Ross Sea

drift from geological arguments given pre-

viously. On the basis of the agreement of

field mapping results from the Beardmore

Glacier area (Mercer, 1972; Denton et al.,

1988), we think it is very likely that Mer-

cer's (I972) correlation of Reedy III and

Beardmore III (our Beardmore) drifts is

correct. We also follow Stuiver et al. (1981)

in equating the "younger" drift at Terra

Nova Bay with Ross Sea drift at McMurdo
Sound. This correlation is based on surface

weathering characteristics, morphologic
drift form, limiting 14C ages, and relative-

age relationship to emerged Holocene

beaches. In Terra Nova Bay and McMurdo

Sound, these drifts both represent the

youngest grounding episode, have well-

preserved surface morphology, commonly

exhibit sharp outer limits, have minimum

14C ages of 7020--6600 yr B.P. (see below)

for final ice recession, and are cut by

emerged Holocene beaches (see below).

In Figure 9 Marshall drift corresponds

with marine isotope Stage 6, representing

the penultimate global glaciation. By our

relative chronology, Marshall drift corre-
lates with Danum drift at Hatherton glacier
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and Meyer drift at Beardmore Glacier. Fi-

nally, Figure 9 shows that Bonney drift cor-

relates with marine isotope Stage 5.

Ice-Sheet Configuration

We use the upper limits of Ross Sea, Bri-

tannia II, Beardmore, Reedy III, and

"younger" Terra Nova Bay drifts to recon-

struct the late Wisconsin (Stage 2) configu-

ration of the Ross ice drainage system. We

assume our stratigraphy is correct. Another

assumption is that these drift limits are

strictly synchronous. This second assump-

tion can only be tested by new numerical

dating techniques. However, we recognize

that the complex interactions of sea level

and climate can lead to asynchronous drift

limits during an individual glaciation.

We give two extreme reconstructions of

the areal extent and surface elevations of

the Ross ice drainage system at the height

of late Wisconsin glaciation (Figs. 12a and

12b). Neither is based on ice-flow models,
nor do we use seafloor sediments because

they lack numerical chronology. Rather,

both reconstructions are fixed by our outlet
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glacier profiles, by the surface elevation of

grounded ice in McMurdo Sound, by con-
trolling ]4C dates on the extent of Taylor

Glacier and, by implication, the height of

the McMurdo Dome. As a result, both re-

constructions depict grounded ice along the

entire inner Ross Embayment and both

show little change of the inland plateau sur-

face adjacent to the Transantarctic Moun-

tains between Taylor and Reedy Glaciers.
The two reconstructions are identical in in-

terior portions of the drainage system in

East and West Antarctica. There we repro-

duce elevations similar to today's because
of uncertainties about whether the inland

surface increased or decreased slightly due

to the interplay of sea-level and precipita-

tion effects (this paper; Denton et al., 1989;

Alley and Whillans, 1984). The major dif-

ference lies '.in the areal extent of grounded

ice in the outer Ross Embayment and is due

to differing glaciological assumptions. The
minimum reconstruction is based on the as-

sumption that West-Antarctic-type ice

streams persisted in the Ross Embayment

at the last glacial maximum and hence that

the surface slope of ice flowing from West

Antarctica did not change significantly. Un-

der this assumption, the Transantarctic

Mountains data, particularly from Reedy
and Beardmore Glaciers, limit seaward ex-

tent of the late Wisconsin grounding line.

The resulting reconstruction shows a deep
extension of shelf ice into the central Ross

75



Embayment(Fig. 12a).The maximum re-

construction is possible only if West-

Antarctic-type ice streams did not exist in

the Ross Embayment during late Wisconsin

glaciation. This could occur if initial

grounding-line advance was accompanied

by coeval northward expansion of the Ross

Ice Sheff to near the continental shelf edge,

where it could ground extensively on sub-

marine banks. The interior Ross Embay-

ment could then fill by ice inflow from West

Antarctica and from thickening Transant-

arctic outlet glaciers. The result, shown in

Figure 12b, would be a thickening, slow-

moving slab of grounded ice in the Ross

Embayment that never achieved equilib-

rium conditions and that lacked through-

flowing ice streams.

Climate

Late Wisconsin climate in the Ross ice

drainage system is inferred from a combi-

nation of ice-core and geologic data. Jouzel

et al. (1989) inferred from isotope records
in the Dome Circe and Vostok ice cores

(Fig. I) that late Wisconsin full-glacial cli-

mate lasted from 25,000 to 15,000 yr B.P.

Mean annual surface temperature is in-

ferred to have been 90C colder than now,
and annual accumulation 50% less than

now. Similar results come from the Byrd

ice core in West Antarctica (Fig. 1) (Jouzel

et al., 1989).

Glacial geologic evidence from the Trans-

antarctic Mountains bears on the interpre-

tations of paleoclimate from isotope
records of interior ice cores. One critical

assumption of such interpretations is that

the interior plateau ice surface was no

higher than now at the late Wisconsin gla-

cial maximum. Otherwise, parts or all of

the isotope records may simply reflect

changes in ice-surface elevation. Direct
control on ice-sheet elevation could come

from total gas content of the ice cores them-

selves (Lorius et al., 1985), but the validity

of this technique has been questioned

(Paterson and Hammer, 1987). Our outlet-

glacier profiles form an alternative control

on interior ice elevations during late Wis-

consin time, for they occur on strategic ice
flowlines that lead back to interior domes

and ice-core sites (Fig. 1). The Reedy III,
Beardmore, and Britannia II profiles are

consistent in indicating that the interior po-

lar plateau near these flowlines probably

did not rise more than 35-100 m during late

Wisconsin (Stage 2) time. In fact, the gla-

cial geologic evidence does not preclude a

slight lowering along these flowlines, par-
ticularly inland of Beardmore Glacier. Tay-

lor Glacier was no larger than now during

late Wisconsin time. In fact, almost cer-

tainly its ice surface declined and its snout

receded. This suggests little change, and

probably a slight lowering, of the McMurdo

Dome inland from Taylor Valley on the

East Antarctic plateau. In summary, these

glacial geologic data indicate little change
of inland ice surfaces along critical ice flow

lines that lead to major interior domes and

pass near the important Vostok and Dome
Circe ice cores, as well as little change of

the McMurdo Dome. Hence, a significant
rise in the interior ice surface can almost

certainly be eliminated as a factor in inter-

preting the isotopic record at Dome Circe

and Vostok in terms of temperature de-

crease during late Wisconsin time.

Is the reduced full-glacial precipitation
inferred from ice cores consistent with the

glacial geologic record in the Transantarctic
Mountains? This record shows recession of

Taylor Glacier and local alpine glaciers

concurrent with full expansion of grounded

Ross Sea ice during late Wisconsin time

(Stuiver et al., 1981). Further, Rutkowski

Glacier in the Dominion Range was behind

its present terminal position when Beard-
more Glacier thickened to its late Wiscon-

sin limit (Denton et al., 1989). Finally, the

plateau surface along flowlines inland of

our outlet-glacier profiles showed little

change, and may have declined, at the late

Wisconsin maximum. Together, these gla-

cial events can all be explained by reduced

late Wisconsin precipitation in the Trans-
antarctic Mountains, an interpretation con-
sistent with the inferences drawn from iso-

tope records in ice cores.
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There is, however, one aspect of the gla-
cial geologic record that may be at variance

with the paleoclimatic interpretation from

ice cores. From our previous discussion, it
is obvious that large lakes formed in the

Dry Valleys during late Wisconsin time.

For example, Glacial Lake Washburn oc-

cupied Taylor Valley (Stuiver et al., 1981;

Denton et al., 1988) (Fig. 8) and Glacial

Lake Trowbridge existed in Miers Valley

(Clayton-Greene et al., 1988b). Our prelim-
inary mapping results in other ice-free val-

leys indicate that such lakes were wide-

spread and not restricted solely to Taylor

and Miers Valleys.

We do not yet know why such lakes ex-

isted during the last glacial maximum. Sev-

eral explanations are possible and each

should be tested thoroughly. The first is

that subglacial outflow from beneath Ross

Sea ice lobes fed these lakes (Stuiver et al.,

1981). We no longer favor this alternative.

A second explanation is that input came
solely from surface glacier melt. The in-
creased volume of meltwater associated

with higher lake levels could have come

from increased intensity of melt, or from a

longer melt season, or from both factors.
There are several variations on this sce-

nario. The increased volumes of meltwater

necessary for Glacial Lake Trowbridge and

Glacial Lake Washburn in the Fryxell basin

could have come solely from the surface of

Ross Sea ice lobes projecting into Miers

and Taylor Valleys. But such an explana-

tion cannot apply to the Bonney basin of
Glacial Lake Washburn. Here late Wiscon-

sin lake levels rose to the mid-valley thresh-

old without any overflow from the Fryxell
basin. This suggests that increased volume

of meltwater from local glaciers, as well as

from Ross Sea ice lobes, is almost certainly

an important contributing factor to high late
Wisconsin lake levels. In such a case, the

increased meltwater input could have re-

sulted simply from warmer late Wisconsin

temperatures (Denton et al., 1985). Such

postulated warming could have been wide-

spread, in which case there is a serious dis-

crepancy with temperature inferences

drawn from all three major ice cores in the

Ross ice drainage system. Such widespread

warming also disagrees with our inferences

that late Wisconsin retraction of local gla-

ciers resulted from widespread aridification
in the Transantarctic Mountains. Or the

temperature increase could have been con-
fined to the Dry Valleys. Clayton-Greene et

al. (1988b) suggested that one local cause of

such warming might have been a decrease

in katabatic winds. We do not find this sug-

gestion appealing, for we think that contin-

ued katabatic winds during late Wisconsin

time were necessary to ablate Ross Sea gla-

cier lobes flowing into ice-free valleys.

An alternative solution to the glacial-lake

problem depends on the sensitivity to snow

cover of meltwater production in the ice-

free valleys. For example, meltwater pro-

duction in the Dry Valleys can be de-

creased dramatically by late spring snow-

storms (Chinn, 1981). Widespread

grounded and shelf ice in the Ross Sea,

along with lower ice-age temperatures,

could have promoted the aridification in the

Dry Valleys and elsewhere along the Trans-
antarctic Mountains inferred from shrink-

age of small glaciers and little change in the

inland plateau surface. Coastal storms

would no longer have penetrated the Dry

Valleys. Such intense aridification would
have resulted in little or no snow cover in

the Dry Valleys through the entire sunlight

season. Together with the Iow-albedo abla-
tion zone of the Ross Sea ice sheet in Mc-

Murdo Sound and in eastern Taylor Valley

(due to surface volcanic debris), this aridi-

fication could have decreased the regional

albedo and, in the absence of snowfall, the

length of the melt season. This explanation
for increased lake levels is not in conflict

with lower late Wisconsin regional temper-
atures and accumulation.

HOLOCENE STAGE

General Statement

Glacial geologic evidence indicates that

grounded ice receded from the western

Ross Embayment at the end of late Wiscon-
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sin and beginning of Holocene time. Simul-

taneous expansion occurred for local alpine

glaciers and for Taylor Glacier. Isotopic
records from the Vostok and Dome Circe

ice cores are interpreted in terms of cli-

matic warming and increased accumulation

beginning abruptly about 15,000 yr B.P.

and continuing into early Holocene time

(Lorius et al., 1984, 1985; Jouzel et al.,
1987, 1989). We review here our current

knowledge of the glacial history of the

Transantarctic Mountains during the late
Wisconsin/early Holocene transition.

Radiocarbon Chronology

Ross Sea and equivalent drifts. In the

previous section we argued that the distal

portions of Ross Sea, Britannia II, Beard-

more, Reedy III, and the "younger" drift at

Terra Nova Bay date to the late Wisconsin
maximum. We now review available 14C

dates of the proximal portions of these drift

sheets. Such dates give the timing of
grounded ice recession from the western

and southwestern Ross Embayment. We

start in the north at Terra Nova Bay.

In the Terra Nova Bay region Adamuss-
ium colbecki shells from a recent moraine

at the edge of the floating Nansen Ice Sheet

afforded an age of 7020 --. 60 yr B.P. (QL-
174) (Table 1; Fig. 13). This date is mini-

mum for grounded ice recession from the

sample site and hence minimum for the

"younger" drift.

On the west coast of McMurdo Sound,

several _'C dates pertain to proximal Ross

180"
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FIG. 13. Selected '4C dates of late Wisconsin/Holocene recession of grounded ice from the western

Ross Embayment (a); locations of raised beaches in the western Ross Embayment (b).
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Sea drift (Table I ; Fig. 7). In Taylor Valley

adate of 13,040 +- 190 yr B.P. (QL-1569) for

blue-green algae in glacial lacustrine sedi-

ments affords a minimum age for recession

of the Ross Sea glacial lobe from the valley-

mouth threshold near Explorers Cove. A

similar sample on the seaward slope of this

valley-mouth threshold gives a minimum

age for ice recession from the sample site of

11,370 _+ 120 yr B.P. (QL-1914). A lacus-

trine delta near the top of this threshold

dates to 12,420 ± 130 yr B.P. (QL-1913)

(Fig. 8), giving a minimum age for ice re-

cession from the sample site. Lacustrine

deltas on the same seaward slope of the
threshold record a lake dammed between

the threshold and the retreating Ross Sea

ice. '4C dates of blue-green algae in these

deltas indicate that grounded Ross Sea ice

still occupied McMurdo Sound near Taylor

Valley as late as 8900 +-- 60 yr B.P. (QL-

1393) and 8340 ± 120 yr B.P. (QL-993)

(Fig. 5).

A complex of small deltas rests on Ross
Sea drift on the south wall of Ferrar Glacier

valley near McMurdo Sound. These deltas

postdate the maximum of Ross Sea ice ex-

tent and hence afford minimum _4C ages for

Ross Sea drift (Table 1; Fig. 5). Dates of
two deltas at 43 and 62 m elevation are

10,020 + 40 yr B.P. (QL-1036) and 9860 +-

160 yr B.P. (QL-995), respectively. Along
the west coast of McMurdo Sound near the

Royal Society Range, minimum ages for

lowering of the Ross Sea ice surface to less

than 100 m above present sea level are 9490

_ 140 yr B.P. (Y-2399) and 12,500 - 40 yr

B.P. (QL-1590) on samples of blue-green

algae. Finally, a date of 6190 ± 80 yr B.P.

(QL-80) on blue-green algae is minimum for

ice recession to the present coastline.
Further south in the Transantarctic

Mountains, t4C dates of blue-green algae

deposited in small lakes perched beside the

receding Hatherton Glacier afford mini-

mum ages for ice-surface lowering (Figs. 4

and 13; Bockheim et al., 1989). They indi-

cate lowering of the Hatherton Glacier sur-

face to near its present position by 5210 _

40 yr B.P. (QL-1424) in its upper reaches,

5670 ± 120 yr B.P. (QL-1415) in its middle

reaches, and 6020 --- 50 yr B.P. (QL-1423)
in its lower reaches. Lower Darwin Glacier

near the Ross Ice Shelf achieved its current

surface elevation by 5740 -- 50 yr B.P. (QL-

1418).

Emerged marine deposits. Emerged

beach deposits occur along the west coast

of the Ross Embayment from Cape Bernac-

chi in McMurdo Sound northward to Cape

Adare, as well as at Cape Bird and on Beau-
fort and Franklin Islands in the Ross Sea

(Fig. 13). Locations of emerged beaches

shown in Figure 13 are from Nichols (1968),

Stuiver et al. (1981), and Mabin (1986). All

these emerged beaches are 35 m or lower in

elevation (Nichols, 1968; Stuiver et al.,

1981; Mabin, 1986). These beaches are

taken to represent isostatic rebound conse-

quent on recession of grounded ice from the

western Ross Embayment. Although these

emerged beaches are consistent with the

former presence of grounded ice in the

western Ross Embayment, they are not a

straightforward indicator of former ice
thickness for two reasons. First, the

beaches are largely undated and thus can-

not afford isobases of uplift. Second, the

highest beach in an individual area may

simply reflect uplift since recession of float-

ing shelf ice rather than of grounded ice

(Denton et al., 1988).
There are few 14C dates associated with

these beaches. One relates directly to a

beach at Marble Point (5650 - 150 yr B.P.:
L-627) (Nichols, 1968). Others are of asso-

ciated deltas at Marble Point (6010 ± 70 yr

B.P., QL-71; and 6430 ± 70 yr B.P., QL-72)
and bedded coUuvium at Franklin Island

(5340 ± 50 yr B.P., QL-141) (Table I; Figs.
5 and 13).

Emerged marine deposits occur at the

mouth of Taylor Valley at the edge of Ex-

plorers Cove despite the absence of well-
defined beaches. Numerous _4C dates of A.

colbecki valves come from these deposits

or from deep within a marine delta at the

valley mouth. These dates are minimum for

incursion of marine waters into Explorers

Cove in early Holocene time. The oldest
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suchdatesare6050--+70 yr B.P. (QL-137),

6150 -+-80 yr B.P. (QL-157), and 6670 - 200

yr B.P. (QL-191). Together with the t4C

ages of lacustrine deltas on the seaward

slope of the valley-mouth threshold, these

dates indicate recession of grounded Ross
Sea ice from this sector of McMurdo Sound

between 8340 and 6670 yr B.P.

McMurdo Ice Shelf. The McMurdo Ice

Shelf, an extension of the Ross Ice Shelf,
now covers southern McMurdo Sound and

contains evidence that bears on deglacial

history of grounded ice from the Ross Em-

bayment (Stuiver et al., 1981). Some debris
bands on the shelf surface are remnant from

the Ross Sea Ice Sheet (Stuiver et al.,

1981); they show that the ice shelf formed in

part by thinning of the grounded Ross Sea
Ice Sheet in McMurdo Sound. Other debris

bands formed in Holocene time by basal

freezing and seaward flow. One such band
that extends northward from Black Island

to the shelf edge displays progressively
greater _4C ages of shells and barnacles

from south to north. The oldest samples at

the northern tip of this band afforded ages

of 6510 ± 50 yr B.P. (QL-1126) and 6600 ±

60 yr B.P. (QL-166) (Table I; Figs. 5 and

13) (Stuiver et al., 1981). Hence, Holocene

grounding-line recession of the Ross Sea

Ice Sheet had reached Black Island by 6600

yr B.P. The McMurdo Ice Shelf extended

farther north until recently, thereby ex-

plaining the absence of emerged beaches

south of Cape Bird on Ross Island and

south of Cape Bernacchi along the west

coast of McMurdo Sound (Stuiver et al.,

1981).

Taylor Glacier and alpine glaciers. Tay-

lor Glacier and alpine glaciers in Taylor

Valley both occupy their maximum posi-
tions since late Wisconsin time, with the

exception of a minor fluctuation shown by
scattered ice-cored moraines of Holocene

age. The evidence comes largely from _4C-

dated perched deltas of Glacial Lake Wash-

burn (Fig. 8) near Taylor Glacier that were

discussed previously. Rhone Glacier is now

overriding deltas dated to 12,700 -'- 190 yr

B.P. (QL-1709) and 16,470 ± 250 yr B.P.

(QL-1046); Hughes Glacier terminus is

close to deltas dated to 18,170 +__70 yr B.P.

(QL-1137) and 18,830 --+ 80 yr B.P. (QL-
1248); and Canada Glacier terminus is ad-

jacent to a delta dated to 14,300 ± 300 yr

B.P. (QL-1385). Commonwealth Glacier

rests on Ross Sea glacial lacustrine drift

dated nearby to 15,660 -'- 60 yr B.P. (QL-

1140); 13,970 --- 300 yr B.P. (QL-1793);

12,130 --- 300 yr B.P. (QL-1794); 14,470 --+

330 yr B.P. (QL-1795); 14,730 ± 150 yr B.P.
(QL-1156); and 13,700 ___400 yr B.P. (QL-

1234). That this situation is not unique to

Taylor Valley is shown by several alpine

glaciers along the west coast of McMurdo
Sound that have advanced into Ross Sea

drift or over emerged Holocene beaches.

Glacial lakes. In Taylor Valley high lev-
els of Glacial Lake Washburn in the Bon-

ney basin persisted above the mid-valley

threshold until 12,700 --4-190 yr B.P. (QL-

1709), and perhaps until 11,820 -+ 70 yr B.P.

(QL-1576). In the Fryxell basin they per-

sisted above the valley-mouth threshold un-

til at least 12,450 __.350 yr B.P. (QL-1043)

(Fig. 8). Hence, we conclude that a Ross

Sea glacier lobe plugged eastern Taylor

Valley until this time. We know from _4C

dates given earlier that the Ross Sea glacier

lobe in eastern Taylor Valley had retreated

from the crest of the valley-mouth thresh-
old by 13,040 yr B.P. and from its seaward

slope by 11,370 yr B.P. (Fig. 8). Neverthe-

less, higher-than-present lake levels per-
sisted in the Fryxell basin as late as 9200 ---

40 yr B.P. (QL-1142) (Stuiver et al., 1981),

although such levels were much lower than

the valley-mouth threshold. One probable

water source for this late-lingering lake was

westward overflow through a channel on

the valley-mouth threshold from a lake

trapped between the threshold and a

grounded Ross Sea ice sheet in Explorers

Cove. Such a trapped lake existed until at

least 8340 ± 120 yr B.P. (QL-993), the age
of the lowest lacustrine delta on the sea-

ward slope of the threshold. This ice-

dammed lake had ceased to exist by 6670 ±

200 yr B.P. (QL-191), the age of the oldest

marine shells in Explorers Cove. Hence,
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weinfer that grounded Ross Sea ice cleared

Explorers Cove between 8340 and 6670 yr

B.P. (Fig. 13).
The most striking feature highlighted by

the _4C dates in Taylor Valley is that high

lakes in the Fryxell and Bonney basins
were common during the entire span of late
Wisconsin time but were almost absent dur-

ing Holocene time. The exception is the

late-lingering, but relatively low, lake that

lasted in Fryxell basin until 9200 yr B.P.

Late Wisconsin�Early Holocene Ice-Sheet

Changes

In summary, we infer from our data that

the grounded Ross Sea ice sheet receded

from the western Ross Embayment in late

Wisconsin and early Holocene time. Radio-

carbon dates in Marshall and Taylor Val-

leys indicate that Ross Sea glacier tongues
had receded eastward nearly into McMurdo

Sound by 12,500-13,040 yr B.P., but 14C

dates from Ferrar and Taylor Valleys imply

that grounded ice lingered in western Mc-
Murdo Sound until 10,020 to 8340 yr B.P.

Grounded Ross Sea ice had cleared the

coast of the western and southern Ross

Embayment by 7020 yr B.P. at Terra Nova

Bay (Stuiver et al., 1981); 6430, 6670, 6600,
6190, and 7750 yr B.P. at McMurdo Sound

(Stuiver et al., 1981); and 5210, 5670, 6020,

and 5750 yr B.P. at Hatherton Glacier

(Bockheim et al., 1989).

Our geologic evidence shows strikingly
different behavior of the plateau surface of
the East Antarctic Ice Sheet inland of the

Transantarctic Mountains. No massive de-

crease in surface elevation occurred here in

late Wisconsin/Holocene time comparable

with recession of grounded ice from the

Ross Embayment. The Reedy III, Beard-

more, and Britannia II profiles show that

the decline of the upper reaches of the

Reedy, Beardmore, and Hatherton Glaciers

during the late Wisconsin/Holocene transi-
tion was only 30-100 m. In fact, these ice

profiles even allow the possibility that the

plateau surface along inland flowlines could

be higher now than that during late Wiscon-

sin time. In accord with this, Taylor Glacier

and local alpine glaciers have expanded so

that they are now at, or very close to, their
maximum positions since late Wisconsin
time. Likewise Rutkowski Glacier, which

drains an independent ice cap on the Do-

minion Range near the upper reaches of
Beardmore Glacier, has advanced at least

2.5 km over Beardmore drift and is now at

its most robust configuration since late
Wisconsin time.

Climate

Holocene surface climate in the Ross ice

drainage system is inferred from a combi-

nation of ice-core and geologic data. Iso-

tope records from the Vostok and Dome
Circe ice cores are taken to show a marked

warming that terminated late Wisconsin

glacial climates. The ice-core chronology,
based on an ice-flow model tied to accumu-

lation, places the beginning of this climatic

warming at about 15,000 yr B.P. The full

amplitude of temperature change across the
late Wisconsin/Holocene transition is taken

to be 9"-10°C, and the Holocene accumula-

tion rate is interpreted to be about twice the

full-glacial value (Jouzel et al., 1989).

Glacial geologic evidence bears on these

interpretations of paleoclimates from inte-
rior ice cores. First, our outlet glacier pro-

f'des show little change, and permit even a

slight rise, of the inland plateau. The strong

implication is that the isotopic change in
interior ice cores across this same transi-

tion reflects widespread climatic change

and not simply massive lowering of the in-

terior plateau ice surface. The expansion of

Taylor Glacier and local alpine glaciers, as
well as the advance of Rutkowski Glacier at

the head of Beardmore Glacier, during the

late Wisconsin/Holocene transition is best

explained by increased accumulation in the
Transantarctic Mountains and on the polar

ice plateau just inland (Denton et al., 1971,

1989). This, too, is in accord with infer-
ences on increased interior accumulation

drawn from ice cores.

A problem again arises in interpreting

glacial lake history in the Dry Valleys in

terms of a rise in temperature and accumu-
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lation throughthe late Wisconsin/Holocene
transition. Extensive late Wisconsin lakes

were succeeded by limited Holocene lakes

generally even less extensive than those of

today. Why would lakes decrease in both

area and volume, if the climate warmed and

precipitation increased? There are at least
three explanations for this observed history

of glacial lakes. First, the meltwater source

from Ross Sea ice lobes disappeared with

recession of grounded ice from McMurdo

Sound. That this is partly responsible is

shown by the lake-level history in eastern

Taylor Valley. However, it does not ex-

plain the disappearance of lakes in the Bon-

ney basin. The second explanation is that

lake-level variations reflect strictly the ef-
fect of summer temperatures on glacier
melt and hence on lake-level variation. This

scenario disagrees with regional tempera-

ture changes inferred from ice cores. A

third explanation involves both the reces-
sion of Ross Sea ice from McMurdo Sound

and the decreasing aridity of the Dry Val-

leys through the late Wisconsin/Holocene
transition. Ross Sea ice recession would re-

move a low-albedo, debris-laden ablation

ice surface from McMurdo Sound, while si-

multaneously opening the western Ross

Sea and removing a barrier to the penetra-
tion of storms. One result could be in-

creased spring and summer albedo in Mc-

Murdo Sound from replacement of dirty

glacial ice by clean sea ice and in the Dry

Valleys from sporadic snowstorms. The
overall effect could be to decrease the

length of the melt season, while at the same

time removing a meltwater source. These

mechanisms could produce the observed
lake-level history by climatic changes con-
sistent with those inferred from ice cores.

DISCUSSION

The first recognition of a former

grounded great ice sheet in the Ross Em-

bayment came early in this century (Scott,

1905; David and Priestley, 1914). Within

the last decade there appeared maximum
and minimum reconstructions for late Wis-

consin glacial conditions that attempted to

explain available geological and glaciologi-

cal data (Stuiver et al., 1981, pp. 375-380).

It is now apparent that both reconstructions

are flawed (Denton et al., 1988). For exam-

ple, the CLIMAP maximum reconstruction

(Stuiver et al., 1981, p. 375) shows ice ele-

vations that were too high in the southern

Ross Embayment and over West Antarc-

tica, where they conflict with interpreta-

tions drawn from the total gas content of

the Byrd ice core (Raynaud and Whillans,

1982) and radio-echo layers in the West

Antarctic lee Sheet (Whillans, 1976). The

CLIMAP minimum reconstruction, on the

other extreme, is essentially the same as

today's ice sheet in the Ross Embayment;

this conflicts with glacial geologic evidence
from Darwin/Hatherton and Beardmore

Glaciers (Bockheim et al., 1989; Denton et

al., 1989). Interim reconstruction designed

to reconcile some of these problems

(Drewry, 1979; Hughes et al., 1985; Denton
et al., 1986, 1988) also have deficiencies

(Denton et al., 1988).

Figure 12 gives our new minimum (a) and
maximum (b) reconstructions for the Ross

ice drainage system based on the same

Transantarctic outlet profiles but on two

differing glaciological assumptions dis-

cussed earlier. Our chronology and recon-

structions highlight the difference in behav-

ior of the continental and marine portions

of the Ross ice drainage system (Fig. 14).

During late Wisconsin maximum glaciation,

the Ross Embayment partially or wholly

f'dled with grounded ice, while elevations of

interior plateau ice remained nearly un-

changed and perhaps even lowered slightly.

During the late Wisconsin/Holocene degla-
cial hemicycle, grounded ice receded from

the inner Ross Embayment while local

Transantarctic glaciers expanded and the

inland plateau surface changed very little

and may even have increased slightly in
surface elevation.

What mechanisms could have caused this

behavior difference of marine and inland

portions of the Ross ice drainage system?

We argue from our glacial geologic data
that the fundamental cause for the wide-
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FIG. 14. Global average deep-sea oxygen-isotope record (adapted from Prell et al., 1986), Vostok
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geology record (chronology from numerical dates). The record of alpine glaciers in the right-hand

column includes Taylor Glacier, which drains the McMurdo Dome (Drewry, 1980, 1982).

spread grounding shown in Figures 12a and

12b must be sought in mechanisms that af-

fected the Ross Embayment and not the in-

land plateau ice. We make this argument

because, in view of decreased precipitation

and little change in plateau elevations, it is

unlikely that greater flow of inland ice

through Transantarctic outlet glaciers

caused grounding in the Ross Embayment.

Therefore, such grounding must represent

the response of the Ross Ice Shelf to reduced

temperature, precipitation, and sea level.

We agree with Hollin (1962) that sea-level

variations, caused by Northern Hemi-

sphere ice sheet fluctuations, are an impor-

tant control on grounding-line variation and

on pinning and unpinning the ice shelf.

Grounding-line advance, accompanied by

increased pinning of the ice shelf, could

also cause northward migration of the calv-

ing front to the edge of the continental

shelf, where the ice shelf could ground on

relatively shallow submarine banks. This,

in turn, could stimulate widespread ground-

ing farther south. Ice-age temperature low-

ering may also aid ice-shelf grounding

through decreased basal melting and in-

creased protection of the calving front by

pack ice. Both of these factors would oper-

ate solely in the Ross Embayment and

could together overcome reduced precipi-

tation to cause widespread grounding. We

also argue from geologic evidence that the

slight changes of the East Antarctic inland

plateau and inland West Antarctica reflect

the interplay between grounding and pre-

cipitation effects.

Changes of the marine and inland por-

tions of the Ross ice drainage system cor-

relate closely with the last and penultimate

glacial/interglacial cycles (Fig. 14). Our

identification of differing primary controls

in these two portions of the drainage sys-
tem is consistent with such behavior. The

potential interdependence of these primary

controls can explain the tight out-of-phase
behavior that is so closely related to global

glacial/interglacial cycles (Fig. 14). For ex-

ample, low ice-age temperatures, which

can enhance grounding in the Ross Embay-
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ment,areclosely tied to reducedprecipita-
tion (Lorius et al., 1985). Likewise, lower

ice-age sea level promotes grounding in the
Ross Sea, which removes a local moisture

source and reduces inland penetration of
storms.

The behavior of the Ross ice drainage
system has global relevance to late Wiscon-
sin sea level and climate. The maximum

CLIMAP reconstruction illustrates thicker

and more extensive grounded ice in the
Ross Embayment and in West Antarctica

(Stuiver et al., 1981, Fig. 7-26) than we

now show in Figures 12a or 12b. These two
new reconstructions illustrate that the con-

tribution of the Ross ice drainage system to

sea-level lowering would depend on the rel-

ative magnitude of ice-volume loss (water

equivalent) in the inland portion to volume

gain (water equivalent above buoyancy) in

the marine portion. Depending on the re-
construction eventually accepted for each

portion, the sea-level contribution could be
close to zero. If such a conclusion can be

generalized, it means that the maximum
CLIMAP reconstruction overestimated the

Antarctic contribution to late Wisconsin

sea-level fall (Denton and Hughes, 1981).

CONCLUSIONS

(i) From soil development, numerical

dates, and glacial geologic data, we corre-

late Reedy III drift (Reedy Glacier), Beard-

more drift (Beardmore Glacier), Britannia

drifts (Hatherton and Darwin Glaciers),

Ross Sea drift (McMurdo Sound/Taylor
Valley), and "younger" drift (Terra Nova

Bay). From 51 pertinent _4C dates in Table

1 and an additional 15 from Clayton-Greene
et al. (1988b), we conclude that Ross Sea

drift is late Wisconsin (isotope Stage 2) in

age.

(ii) From ice-surface profiles based on

these drift sheets, we produce two recon-

structions of the Ross ice drainage system

at the height of late Wisconsin (isotope
Stage 2) glaciation. Both show little eleva-

tion change of the interior polar plateau.

The major differences occur in the extent of

grounded ice in the Ross Embayment. One

reconstruction shows limited grounded ice,

whereas the other shows grounded ice to be
extensive but thin. Both reconstructions

show late Wisconsin ice-volume increase in

the Ross ice drainage system to be consid-

erably less than depicted by the maximum

CLIMAP reconstruction (Denton and

Hughes, 1981).

(iii) Radiocarbon dates from the western

Ross Embayment show that late

Wisconsin/early Holocene recession of

grounded ice was underway by 13,040 yr

B.P. and was complete by 6020--6600 yr

B.P. Little change occurred in the East

Antarctic plateau adjacent to the Transant-

arctic Mountains during massive recession

of grounded ice from the Ross Embayment.
(iv) Sea-level variation and ice-shelf

basal melting probably controlled ground-

ing in the Ross Embayment. Precipitation

variations and the grounding effect on

Transantarctic Mountains outlet glaciers

probably controlled minor elevation

changes of the polar plateau adjacent to the
Transantarctic Mountains.

(v) The Vostok and Dome Circe ice cores

in the Ross ice drainage system are consid-

ered premier recorders of far-southern pa-
leoclimate (Jouzel et al., 1989). The Trans-

antarctic Mountains outlet glacier profiles
are consistent with this conclusion, in that

they preclude an alternative explanation
that the isotope records from these ice

cores simply reflect extensive elevation

changes of the East Antarctic polar plateau.
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